This article is concerned with the detection of mixed modulation (MM), i.e., simultaneously occurring amplitude modulation (AM) and frequency modulation (FM). In experiment 1, an adaptive two-alternative forced-choice task was used to determine thresholds for detecting AM alone. Then, thresholds for detecting FM were determined for stimuli which had a fixed amount of AM in the signal interval only. The amount of AM was always less than the threshold for detecting AM alone. The FM thresholds depended significantly on the magnitude of the coexisting AM. For low modulation rates (4, 16, and 64 Hz), the FM thresholds did not depend significantly on the relative phase of modulation for the FM and AM. For a high modulation rate (256 Hz) strong effects of modulator phase were observed. These phase effects are as predicted by the model proposed by Hartmann and Hnath [Acustica 50, 297-312 (1982) ], which assumes that detection of modulation at modulation frequencies higher than the critical modulation frequency is based on detection of the lower sideband in the modulated signal's spectrum. In the second experiment, psychometric functions were measured for the detection of AM alone and FM alone, using modulation rates of 4 and 16 Hz. Results showed that, for each type of modulation, d' is approximately a linear function of the square of the modulation index. Application of this finding to the results of experiment 1 suggested that, at low modulation rates, FM and AM are not detected by completely independent mechanisms. In the third experiment, psychometric functions were again measured for the detection of AM alone and FM alone, using a 10-Hz modulation rate. Detectability was then measured for combined AM and FM, with modulation depths selected so that each type of modulation would be equally detectable if presented alone. Significant effects of relative modulator phase were found when detectability was relatively high. These effects were not correctly predicted by either a single-band excitation-pattern model or a multiple-band excitation-pattern model. However, the detectability of the combined AM and FM was better than would be predicted if the two types of modulation were coded completely independently.
INTRODUCTION
The perception and detection of changes in the amplitude and frequency of sound has been extensively discussed in the psychoacoustic literature (Allanson and Newell, 1989) . For example, the model proposed by Florentine and Buus ( 1981 ) assumes that information from the entire excitation pattern (i.e., from each excited critical band or auditory filter) is combined in an optimal way. However, within the framework of these models, it is still possible to envisage a single detection mechanism for changes in amplitude and frequency; both could be detected by virtue of the changes in excitation level that they produce.
One approach to evaluating these models is to use signals with simultaneous amplitude modulation (AM) and frequency modulation (FM). This type of modulation is usually called mixed modulation (MM). Studies of this type have been carried out by Zwicker (1962) , Allanson and Newell (1966) , Feth (1972) , Coninx (1978a,b) , Hartmann and Hnath (1982) and Ozimek and $ek (1987) . According to the single-mechanism hypothesis, one would expect that the perception of amplitude changes would depend on coexisting frequency changes and vice versa. According to the independent-mechanisms hypothesis, one would expect that perception of amplitude changes would be independent of coexisting frequency changes and vice versa. Also, for the single-mechanism hypothesis the relative phase of the modulators for AM and FM should play an important role, whereas for the independent-mechanisms hypothesis relative phase should be unimportant.
Zwicker ( The perception of MM signals with clearly audible modulation depths was also investigated by Coninx (1978b) . In addition, he measured thresholds for detecting combined differences in frequency and amplitude (Coninx, 1978a) . In some cases, the modulated sinusoids were presented with a noise band intended to mask the upper side of the excitation pattern. In most cases, he found that the results were not affected by the relative phase of the modulators for AM and FM, which he interpreted as indicating essentially independent mechanisms for the detection and perception of FM and AM. Where phase effects were found, he interpreted these in terms of the influence of amplitude on pitch or frequency on loudness (Czajkowska et al., 1988 ). Hartmann and Hnath (1982) extended the model advanced by Goldstein (1967) to account for differences in modulation perception at low and high modulation frequencies. For a sinusoidal carrier and low modulation frequencies, the percept is of a pure tone that is changing in pitch or loudness. For high modulation frequencies, for which the spectrum of the modulated signal covers a frequency range greater than one critical band, the percept is of a steady sound that may have an impure tone quality. Their results suggested that modulation detection at high modulation rates is based exclusively on the lower sideband of the spectrum, since the higher sideband is completely masked. This applied to AM, FM, and MM signals, consistent with a single-mechanism hypothesis for high modulation frequencies. Ozimek and Sek (1987) also investigated the detectability of MM, using both low and high modulating frequencies. For high modulation frequencies, they found, like Hartmann and Hnath (1982) , that detection of modulation is based exclusively on the lower sideband of the modulated signal. They also found that, at low modulation frequencies, amounts of FM and AM that were separately "sub-threshold" could be detected. However, it is unclear whether this reflects the ability of subjects to combine information from independent sources, or whether it reflects a summation of sensations, as assumed in the single-mechanism hypothesis. Ozimek and Sek only used in-phase modulation for the MM signal, so it is not known whether modulator phase affects the results, as would be expected from the single-mechanism hypothesis.
This overview of the literature indicates that, at least for low modulation rates, there is no clear consensus as to whether the single-mechanism hypothesis or the independent-mechanisms hypothesis is correct. This article reports an attempt to evaluate these mechanisms by studying the detection of (MM). In the first experiment, thresholds were initially determined for detecting AM alone and FM alone, using a two-alternative forced-choice task. Then, thresholds for detecting FM were determined for stimuli which had a fixed amount of AM in the signal interval only. The amount of AM was always less than the threshold for detecting AM alone. The relative phase of modulation for the AM and FM was systematically varied.
I. TEMPORAL AND SPECTRAL STRUCTURE OF A MIXED MODULATION SIGNAL
In this section, we give a brief description of the temporal and spectral structure of the MM stimuli used in our experiments. Following Ozimek and $ek (1987), the instantaneous amplitude of a MM signal can be written
A(t) = A o [ 1 + m COS(COr• t + (1)) ]
Xcos[coo t +/3 sin(co,, t + O) ], (Levitt, 1971 
Subjects
Three subjects with normal hearing at all audiometic frequencies were used. One was author AS. The other two subjects were paid for their services. Two subjects (AS and RO) were experienced in similar tasks, while one, KR, had no previous experience. All subjects were trained until their performance appeared to be stable. the MM case. The "thresholds" in these cases were not properly determined by the adaptive procedure and were highly variable; that is why the points in the figure corresponding to these thresholds are not connected by the lines through the other points. This problem may also have had some effect on the thresholds estimated when the amount of AM was a high proportion of its threshold value.
For fixed amounts of AM less than the threshold for AM alone (points joined by lines in Fig. 3 ), the amount of FM required for threshold decreased as the fixed amount of AM increased. This effect was rather large at the lowest modulation frequency (4 Hz, left column), and decreased somewhat as the modulation frequency increased to 16 Hz (middle column) and 64 Hz (right column). However, there was no clear effect of the relative modulator phase, A&.
The thresholds for fixed amounts of AM less than the threshold for AM alone were subjected to an analysis of variance (ANOVA) with factors subjects, modulation rate, AM depth, and relative modulator phase. The variance associated with the four-way interaction was used as an estimate of the residual variance. The main effects of subjects, modulation rate, and AM depth were all highly significant (/9 < 0.001 ). Thresholds were lower for the lower modulation rates and the higher values of AM depth. However, the effect of relative modulator phase was not significant; threshold as the fixed amount of AM is increased. They also confirm that the decrease tends to be smaller as the modulation rate increases. ing at 16 Hz. Initially, we tried using a 2AFC task with the modulation index fixed for a block of 55 trials, treating the first five trials as practice. However, we found that performance at low modulation depths was often erratic, and worse than would be expected from the thresholds measured using the adaptive procedure of experiment 1. It appeared that subjects had difficulty in "knowing what to listen for" when the modulation depth was fixed at a low value (for a similar effect in simple signal detection, see Taylor and Forbes, 1983).
To overcome this problem, we modified the procedure so that five different modulation depths were used in each block of 55 trials. The highest modulation depth was chosen to be rather easily detectable (typically giving 93%-99% correct responses), and the first five trials within a block Were practice trials at this modulation depth, to help the subject to "home in" on the appropriate detection cues. The remaining 50 trials were test trials. In the first five of these, the modulation depth started at the highest value and decreased progressively to the lowest. This was then repeated for the next five, and so on. Thus the subject was presented with an "easy" Stimuli were similar to those used in experiments I and 2. However, to make data collection more rapid, the stimulus steady state duration was decreased to 500 ms and the interstimulus interval was decreased to 300 ms. The modulation rate was 10 Hz, chosen to be high enough that several modulation cycles would occur in each stimulus, but low enough that the modulation could be easily followed. Initially, psychemetric functions were determined for AM alone and FM alone, using the same method as for experiment 2. Modulation indices were chosen on the basis of pilot experiments so as to yield a series old' values up to about 2.5. In most cases, five-point functions were determined. For one subject, a second five point series overlapping the first was obtained for AM detection only. 
As in experiment
The best-fitting values of the slopes, S^• and SFu, were used to derive pairs of values of rn and/3 that would be equally detectable if presented alone. A series of such pairs of values was then used with each subject to determine the detectability of combined AM and FM. The psychemetric functions for combined AM and FM were obtained using the same method as described earlier, where "easy" and "difficult" stimuli were intermingled within a block of trials. Four values of A•, the phase shift between the modulators for AM and FM, were used, namely 0, rr/2, rr, and 3•-/2.
Three young subjects were used. Two were undergraduates gathering the data for a research project. The other was paid for his services. All subjects had thresholds close to 0 dB HL at all audiometric frequencies. Subjects were trained for at least 4 h each, after which their performance appeared to be stable. Each point on each psychemetric function is based on 200 trials. Subject DH tended to be more sensitive than the other subjects, particularly for the detection of FM. This may reflect the fact that he had some musical training, whereas the other subjects did not. In summary, the detectability of combined AM and FM was greater than would be predicted from the optimal combination of independent sources of information. There were significant effects of modulator phase, with modulator phases 0 and 3rr/2 giving the highest detectability, and •r tending to give the lowest.
VI. EVALUATION OF MODELS OF MODULATION

DETECTION
In this section, we discuss the implications of the results for models of modulation detection. The discussion is separated into two parts, one concerned with modulation at relatively slow rates, where the changes of the stimulus over time can be followed by the auditory system, and the other concerned with modulation at high rates, where the time changes cannot be followed as such, and performance is based on the detection of spectral changes.
A. Detection of modulation at low rates
The Zwicker sing/e-mechanism mode/
The model proposed by Zwicker (1952 Zwicker ( , 1956 Zwicker ( , 1970 assumes that detection of AM or FM depends on monitoring the single place on the excitation pattern that changes most. However, this place can be different for AM and FM. Generally, the largest change in excitation level for AM occurs on the high-frequency side of the pattern, whereas the largest change for FM occurs on the low-frequency side (Moore and GIasberg, 1986; Zwicker, 1956 ). It is possible that, for a MM signal, detection still depends on monitoring the single place on the excitation pattern that changes most. However, the location of that place would be expected to shift depending on the value of the phase difference between the AM and FM modulators, A•.
If A• = 0, then for a MM signal, the changes produced by AM and FM on the low-frequency side of the excitation pattern would tend to cancel (a rise in frequency producing a decrease in excitation level, and a rise in amplitude producing an increase), whereas the changes on the high-frequency side would add, producing a greater net change. Thus, in this case, detection should be based on monitoring the high-frequency side of the pattern. In contrast, if A• = •r, the changes produced by AM and FM on the low-frequency side of the excitation pattern would tend to add, whereas the changes on the high-frequency side would cancel. Thus, in this case, detection should be based on monitoring the lowfrequency side of the pattern. 
where K is a constant.
Excitation patterns and changes in excitation level were calculated using the program presented in Glasberg and Moore (1990) . In this program, the excitation pattern is defined as the output from each auditory filter as a function of center frequency. Each auditory filter is assumed to have the form of a rounded exponential (Patterson et al., 1982) : (1 +pg)exp(--pg) , (12) where IV(g) is the intensity-weighting function defining the filter shape, g is the deviation from the center frequency of the filter divided by the center frequency, and p is a parameter determining the sharpness of the filter. The value ofp can be different for the lower and upper halves of the filter; these values will be designated by Pt and p,, respectively. The equivalent rectangular bandwidth (ERB) of the filter, expressed as a proportion of center frequency, is 2/p/+ 2/p.. In the version of the program presented by Glasberg and Moore (1990) The discrepancy arose in the following way. The changes in excitation level produced by the FM were always small ( <0.89 dB) and were larger than 0.5 dB only over a very restricted region on the low-frequency side of the excitation pattern. Changes on the high-frequency side were always smaller than 0.34 dB. In contrast, the changes produced by AM were larger (up to 1.84 dB on the high-frequency side, and never less than 0.86 dB), and occurred over the whole of the excitation pattern. The large changes on the high-frequency side are a consequence of the nonlinear growth of excitation (changes in Pt with level) that are a feature of the program used (Glasberg and Moore, 1990 ).
One problem with the excitation-pattern model is that the filter shapes used are derived from simultaneous masking data. There is evidence that non-simultaneous masking can give a more accurate indication of the internal representation of stimuli (Houtgast, 1974 The analysis presented above indicates that singlemechanism models based on excitation patterns do not account for the data; they predict phase effects that are inconsistent with the data. On the other hand, the results are also not consistent with the hypothesis that AM and FM are coded by completely independent mechanisms; the detection of MM at low rates was better than predicted from this hypothesis. We do not have a definite explanation for these results, but can suggest some possibilities.
FM may be coded both in terms of changes in excitation level and by some other mechanism, for example by changes in the pattern of phase locking evoked by the stimulus. AM may be detected primarily using changes in excitation level.
When AM and FM coexist, changes in excitation level produced by the AM will combine with changes produced by the FM, giving performance somewhat better than for AM alone. However, the independent information provided by the second mechanism for FM will lead to a further improvement in performance.
Alternatively, it is possible that AM and FM are coded separately in the auditory periphery, but information about AM and FM is combined at some higher level in the auditory system, perhaps in channels tuned for detecting modulation.
The ability to detect modulation might be determined by limitations in these channels, rather than by limitations in peripheral coding. If modulator phase is preserved at the inputs to these channels, then this could account for the phase effects observed in experiment 3, and for the finding that d' for combined AM and FM was greater than predicted from the combination of independent sources of information.
B. Detection of MM at high modulation rates: The
Hartmann-Hnath model
According to the Hartmann-Hnath model, the detection of modulation at high modulation frequencies depends on the spectral structure of the modulated signal; performance is determined by the detectability of the lower sideband of the spectrum. The upper sideband, in Hartmann and Hnath's opinion, is completely masked by the spectral component at the carrier frequency, and does not influence the modulation detection threshold. Assuming that threshold corresponds to a certain amplitude value of the lower sideband, A t, the thresholds for detecting FM in the presence of a fixed amount of AM can be predicted using the formulas in Fig. 1 (a)-(d) . These formulas can be rearranged to give for •x•=0, /3=2A•/Ao--m, 
VII. CONCLUSIONS
The following conclusions can be drawn from our results.
( 1 ) Thresholds for detecting FM depended significantly on coexisting "subthreshold" AM.
(2) At modulation frequencies below 64 Hz, thresholds (corresponding to d' = 1.16) did not depend significantly on the relative phase of the FM and AM modulators (experiment 1). However, the detectability of combined AM and FM using a 10-Hz modulation frequency did depend on relative modulator phase for higher values ofd' (experiment 3). Detectability was highest for relative modulator phases of 0 and 3•r/2, and lowest for a relative modulator phase of•r. on the assumption that AM and FM are detected using completely independent mechanisms; the detectability of combined AM and FM was higher than predicted from this assumption.
(6) At a high modulation rate (256 Hz), thresholds for detecting FM in the presence of"subthreshold" AM showed a strong dependence on relative modulator phase. These results could be explained by the Hartmann-Hnath model which assumes that detection of modulation depends exclusively on the amplitude of the lower sideband in the spectrum of the modulated signal.
